Equivocal findings are reported for perfluoroalkyl and polyfluoroalkyl substances (PFASs) and self-reported pregnancy loss. We prospectively assessed PFASs and pregnancy loss in a cohort comprising 501 couples recruited preconception and followed daily through 7 post-conception weeks. Seven PFASs were quantified: 2-N-ethyl-perfluorooctane sulfonamide acetate (Et-PFOSA-AcOH); 2-N-methyl-perfluorooctane sulfonamido acetate (Me-PFOSA-AcOH); perfluorodecanoate (PFDeA); perfluorononanoate (PFNA); perfluorooctane sulfonamide (PFOSA); perfluorooctane sulfonate (PFOS); and perfluorooctanoate (PFOA). Women used home pregnancy test kits. Loss denoted conversion from a positive to a negative pregnancy test, onset of menses or clinical confirmation (n=98; 28%). Chemicals were log transformed and rescaled by their standard deviations to estimate adjusted hazard ratios (HRs) and 95% confidence intervals. No significantly elevated HRs were observed for any PFASs suggesting no association with loss: Et-PFOSA-AcOH (1.
Introduction
Perfluoroalkyl and polyfluoroalkyl substances (PFASs) are chemicals with numerous commercial applications. Their chemical and thermal stability properties make PFAAs resistant to biodegradation and, thereby, become a source of environmental exposure for populations [1, 2] . Common uses of PFASs include the manufacture of stain, water and soil resistant fabrics and carpeting, and also oil-resistant coatings for food packaging, firefighting foams, paints [3, 4] . We use the term PFASs consistent with the recent call for harmonization of terminology for the weighing of human health effects [5] .
Initial concern about the environmental impact of PFASs emerged in 2001 with the publication of data suggesting widespread exposure amongst wildlife and human populations [6, 7] . In animals, such ubiquitous exposure stemmed from PFASs being readily absorbed without an ability for effective metabolism or elimination. Long half-lives are also reported in humans (ranging from 3.8 years for perfluorooctanoate (PFOA) to 4.8 years for perfluorooctanesulfonate (PFOS) and 7.3 years for perfluorohexane sulfonate (PFHS)), though species and sex differences have been reported [8, 9] .
Concern about possible developmental toxicity associated with PFAAs arose from recognition that they readily cross the placenta and enter the fetal circulation [10] . This observation coupled with ubiquitous exposure prompted epidemiologic investigation of PFASs and human development, which largely focused on PFOA and PFOS. In reviews focusing on PFASs and developmental toxicity in animals, exposure has been associated with diminished fetal growth and mortality among other outcomes [9, 11] . Conversely, a recent systematic review focusing on human exposure concluded that PFOS and PFOA concentrations were inconsistently associated with diminished birth weight [12] .
In terms of potential reproductive toxicity, a small body of literature has focused on fecundity, as measured by time-to-pregnancy (TTP), with equivocal results. Of the various PFASs assessed in cohorts of women and/or couples recruited prior to conception for whom TTP was prospectively measured, some but not all PFASs were associated with a longer TTP [13, 14] . However, studies of pregnant women for whom PFAS exposures were quantified at varying times during pregnancy and assessed in relation to retrospectively reported TTP have generated equivocal findings [15] [16] [17] [18] . While important, this latter body of evidence is restricted to women capable of achieving pregnancy and may exclude the highest exposed women if PFASs are associated with delayed conception or infertility. With regard to men, specific PFASs have been associated with changes in semen quality in a few studies, though again with equivocal results [19] [20] [21] [22] .
Another important endpoint -pregnancy loss -has been assessed for a few populations, including one highly exposed geographic residential population [23] [24] [25] [26] . Overall results from various cross-sectional and case control analyses of various subsamples of this geographically exposed population (C8 Health Project) did not support an association between measured or pharmacokinetic-modeled serum concentrations of PFOS and PFOA and self reported pregnancy loss, as measured by retrospective recall of miscarriage and stillbirth [23] [24] [25] . The prevalence of pregnancy loss appeared to range from 12% to 17%. A follow-on study of a subset of women with pregnancies between 2008-2011 in this community who had serum samples quantified for PFOS and PFOA in 2005 -2006 also observed little evidence of an association, except when restricting the analysis to women's first pregnancy where a 34% increased odds of pregnancy loss was observed [26] . This restriction, however, carries the assumption that the first pregnancy is representative of all pregnancies [27] , which may or may not be upheld. Of note is a much higher (≈22%) prevalence of miscarriage in this follow-on study than earlier estimates for the overall group based upon retrospective reporting. Among women participating in the Danish Odense Child Cohort Study in 2010-2012, pregnant women's serum perfluorononanoic acid (PFNA) and perfluorodecanoic acid (PFDA) concentrations measured before 12 weeks gestation were associated with a significantly higher adjusted odds of miscarriage when comparing women in the highest to lowest tertile (AOR 16.5 and 2.67, respectively), and despite the women's concentrations being low relative to previously published work [28] . Moreover, neither PFOA nor PFOS concentrations were associated with miscarriage for this study cohort underscoring the importance of assessing a spectrum of PFASs.
In light of equivocal findings generated from research involving only two study populations (U.S. and Denmark), we assessed the relation between seven serum PFAS concentrations and incident pregnancy loss in a prospective cohort of women recruited prior to conception and followed through pregnancy until a loss or delivery. A unique aspect of our study is having measured human chorionic gonadotropin (hCG) detected pregnancies, including those occurring early in pregnancy or the interval at greatest risk for loss and often before women enter prenatal care.
Materials and Methods
A prospective cohort design was used with preconception recruitment of couples who were discontinuing contraception for purposes of trying for pregnancy. Given the study outcome was pregnancy loss, we restricted the cohort to female partners of couples participating in the LIFE Study [29] .
using population based marketing and angler registries, respectively. Eligibility criteria were intentionally minimal to reflect the heterogeneity of fecundity at the population level: 1) in a committed relationship; 2) ability to communicate in English or Spanish; 3) female partner aged 18-40 years and male partner aged 18+ years; 4) menstrual cycles between 21-42 days; 5) no history of injectable hormonal contraception in past year; 6) no clinically diagnosed infertility; and 7) off contraception <2 months. All women's urines were tested prior to enrollment to ensure they were not already pregnant. Three twin pregnancies were excluded from analysis, given their dependent data structure and high-risk status for adverse pregnancy outcomes. The final study cohort comprised 344 women with singleton pregnancies. Full human subjects approval was obtained from participating institutions, and women provided written informed consent before any data collection. Complete details are provided elsewhere [29] .
Data collection
Upon enrollment, trained research assistants interviewed women about their lifestyles and medical/reproductive histories. Weight and height were measured using standardized anthropometric protocol [30] for quantifying body mass index (BMI; weight in kg / height in m 2 ). Women were trained in the daily completion of journals designed for recording daily cigarette and alcohol use, menstruation, sexual intercourse and home pregnancy test results. These journals were completed daily through 7 post-conception weeks then monthly until delivery. Research assistants trained women in the proper use of the Clearblue ® Fertility Monitor (Inverness Medical Innovations, Waltham, MA), which is a urinary test kit that tracks estrone-3-glucuronide and luteinizing hormone (LH) to predict the day of ovulation and used as the estimated day of conception. Women were encouraged to time intercourse on high or peak fertility days to maximize their chances of conceiving. The monitor is reported to be 99% accurate in detecting the LH surge, a marker of ovulation, relative to the gold standard of ultrasonography [31] . Also, women tested their urine each month on the day of expected menstruation using the Clearblue ® digital pregnancy test, which has demonstrated sensitivity and reliability for detecting 25 mIU/mL of hCG, and demonstrated accuracy by women [32] . Pregnancy loss denoted a conversion from a positive to a negative pregnancy test, clinical confirmation, or onset of menstruation depending upon gestational dating. Upon enrollment into the cohort and before pregnancy, blood samples were obtained from all participating women and before pregnancy. Of the 344 women becoming pregnant, 332 (97%) women had sufficient serum remaining for the analysis of PFASs while concentrations were imputed for the 12 women without remaining serum.
Laboratory analysis
PFASs were quantified using published methods that included isotope dilution highperformance liquid chromatography-tandem mass spectrometry with adherence to quality assurance and control [33, 34] . Seven PFASs were quantified (ng/mL) in serum: perfluorodecanoate (PFDeA), PFNA, PFOA, PFOS and its precursors, perfluorooctane sulfonamide (PFOSA), 2-(N-ethyl-perfluorooctane sulfonamido) acetate (Et-PFOSA-AcOH) and 2-(N-methyl-perfluorooctane sulfonamido) acetate (Me-PFOSA-AcOH). The limits of detection (LODs) were 0.1 for PFNA, PFOSA, and PFOA and 0.2 for the remaining PFASs. 
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Statistical analysis
The descriptive phase of analysis sought to characterize the cohort by pregnancy and completion status to assess potential biases (e.g., attrition). Statistical significance was determined using either the Chi-square or the Kruskal-Wallis tests. Next, we assessed the distributions of PFASs to have a better understanding of the degree of exposure relative to earlier studies, and by pregnancy status. The analytic phase included the use of Cox proportional hazard modeling techniques to estimate hazard ratios (HRs) and corresponding 95% confidence intervals for each PFAS and the time to pregnancy loss [35] . For these analyses, time denoted the number of days from observed ovulation as measured by the peak (LH) day detected by the fertility monitor and reported date of loss. We used peak LH day for estimated conception given that the ovum's survival time for fertilization is reported to be approximately 24 hours. Approximately 17% (n=59) of menstrual cycles had missing fertility monitor data for ovulation during the conceptive cycle; the average day of ovulation as recorded by the monitor for other observed cycles was taken as the day of ovulation. For an additional 16 women (5%), fertility monitor data on ovulation was not available for any menstrual cycles requiring us to assume ovulation was 14 days prior to the first positive pregnancy test [36] .
We modeled each PFAS separately to fully inspect its association with pregnancy loss, including modeling it in its continuous form after log transformation (x+1) and then rescaling by its standard deviation to aid in the interpretation of HRs, and modeling in tertiles to assess linearity. We used all machine-measured concentrations without substituting values below the LOD to avoid introducing bias when estimating human health effects [37, 38] . Adjusted models included age (continuous), BMI (≤24.9 lean/normal, 25.0-29.9 overweight, ≥30.0 obese), prior pregnancy loss conditional on prior pregnancy history (no prior pregnancy, prior pregnancy but no loss and prior pregnancy and a loss), any alcohol consumption during pregnancy (no/yes), and any cigarette smoking during pregnancy (no/yes). We recognize the varying perspectives about whether or not to adjust for prior losses (39) , and decided to do so but to condition on whether the woman had a prior pregnancy rather than simply modeling prior loss as a dichotomous outcome (yes/no). We imputed PFAS concentrations for 12 women without available serum for the quantification of PFASs for inclusion in the analysis of HRs (n=344) to minimize selection bias. Specifically, our imputations were done under the missing-at-random assumption and implemented Markov Chain Monte Carlo methods (40) . We also repeated the analysis with each PFAS analyzed in tertiles.
Results
Overall, the study cohort comprised mostly white college educated women who were employed with health insurance and residing in households with an annual income of ≥ $50,000 (Table 1) . On average, women were aged 29.8 (±SD, standard deviation = 3.9) years and had a mean BMI of 27.0 (±6.7). We found little evidence to suggest systematic differences in baseline characteristics relative to completion status with one possible exception. The 24 women who withdrew from the study tended to be younger than women completing the study but only when age was categorized (p=0.03). The incidence of pregnancy loss was 28% (n=98), with all losses occurring before 21 weeks post-conception.
The distributions of PFASs are shown in Table 2 and reflect that most women had concentrations above the laboratory LODs with the exception of Et-PFOSA-AcOH and PFOSA, where only 3% and 8% of concentrations were >LOD, respectively. Virtually all women had PFOS and PFOA concentrations above the LOD. Median concentrations of PFASs were similar between women becoming pregnant or not (infertile) except for slightly higher median concentrations for PFOSA (1.2 and 1.1, respectively). Of note, the concentrations of PFASs were relatively similar to those reported for participants in the NHANES biomonitoring study during a comparable time period but despite an older age distribution for NHANES [http://www.cdc.gov/exposurereport/pdf/fourthreport.pdf].
No evidence of an increased risk of pregnancy loss was observed for any of the 7 PFAAs (Table 3) . Contrarily, two PFASs were associated with a significant reduction in the risk of pregnancy loss even after adjustment. These findings included: Me-PFOSA-AcOH when modeled continuously (HR 0.79; 95% CI 0.62, 1.00; p<0.05) and PFNA (HR 0.57; 95% CI 0.34, 0.94) when modeled comparing the 3 rd versus 1 st tertiles, respectively. Also of note is almost the complete absence of HRs above 1 for any of the PFASs with the exception of Et-PFOSA-AcOH when modeled continuously and PFOA when comparing the 2 nd and 1 st tertiles.
Discussion
In the first cohort study with preconception serum measurement of 7 PFASs and daily follow-up of women to identify hCG pregnancies commencing at approximately 2 weeks post-conception, we observed no association between any chemicals in this class of compounds and increased risk of pregnancy loss. While most HRs were below one irrespective of whether they were modeled continuously or in tertiles, two were significantly associated with significant reductions in risk, i.e., Me-PFOSA-AcOH and PFNA. Given the uncertainty and divergent thinking about the inclusion of gravidity or parity in models as previously discussed (39), we repeated the analysis without prior history of loss conditional on parity variable and observed consistent findings. Specifically, little change was observed in the HRs for either Me-PFOSA-AcOH when modeled with or without it (0.79; 95% CI 0.62, 1.00 and 0.78; 95% CI 0.62, 0.99, respectively) or PFNA (0.57; 95% CI 0.34, 0.94 and 0.58; 95% CI 0.35, 0.95). Still, extreme caution is needed when interpreting the findings for Me-PFOSA-AcOH, as 97% of concentrations were below laboratory limits of detection. PFOSA is a precursor compound of PFOS, which may be one reason why it is not widely detected in people. Conversely, all but 2% of women had PFNA concentrations above the LOD with an observed 43% reduction in risk of pregnancy loss when comparing women in the highest versus lowest tertiles. This finding is in sharp contrast to an odds ratio of 16.5 (95% CI 7.39, 36.63) reported for PFNA in the Danish Odense Child Cohort Study when concentrations were modeled continuously using a case-cohort type of analysis [28] . While serum concentrations were similar for the two studies, important differences exist including our prospective ascertainment of both pregnancies (n=344) and losses (n=98) and having preconception measurement of PFASs for women. The Danish study was within a larger pregnancy cohort study that restricted women to those with PFASs measured before 12 weeks gestation and for whom miscarriages occurred before 22 weeks gestation (n=56). The comparison group comprised a random sample of women giving birth (n=336), followed by a matched case-control analysis. While our findings do not support those reported in this study, they are in general agreement with findings from the C8 Health Project, a residential community exposed to PFASs via contaminated drinking water. Of note is the considerably higher (28%) incidence of loss in our study than that reported in the former study (range 12%-22%) [23] [24] [25] [26] , most likely a reflection of our preconception cohort design and daily monitoring of pregnancy and ensuing losses rather than relying on self reported loss. Our incidence of pregnancy was based upon sensitive digital home pregnancy tests is remarkably similar (25% to 31%) to that reported in earlier preconception cohort studies that relied on daily urine testing for hormonal profiles and incident pregnancy loss (41) (42) (43) . As such, our findings are not likely to be systematically affected by under-ascertainment of postimplantation pregnancies or losses. We recognize we are unable to assess PFASs and preimplantation loss, given our cohort was not undergoing assisted reproductive technologies where fertilization and implantation can be measured. Currently, there are no biomarkers for either conception or implantation suitable for population-based research.
While we find no evidence of an adverse relation between any of the 7 PFASs and pregnancy loss in our cohort study, it is important to interpret the findings within the continuum of human fecundity. We are aware of research suggesting that specific PFASs such as PFOSA and PFNA are associated with newly diagnosed endometriosis [44] , a gynecologic condition associated with infertility [45] , and with a longer TTP or infertility as described above [14, 15, 46] . If PFASs are indeed associated with gynecologic disorders and/or a longer TTP, it remains possible that only the least exposed women will become pregnant making is more challenging to observe a relation between exposure and pregnancy loss. However, only the median PFOSA concentration differed significantly for women achieving pregnancy or not (infertile) in our cohort, but the absolute differences are small given the high percentage of concentrations below LOQ. Of note is our earlier report that PFOSA was positively associated with a longer TPP (14) . Still it remains possible that PFOSA reduces the probability of pregnancy without impacting its continuation once established.
There are important limitations that need to be weighed when interpreting our findings beyond potential type II errors or residual confounding. Other notable limitations include the relatively small number of PFASs quantified for analysis albeit larger than published work, and our assessment of individual compounds rather than mixture-based approaches. In light of evolving methods for the analysis of mixtures coupled with very few data focusing on this specific study question, we specifically sought to explore each PFAS relative to pregnancy loss. Model specification is another important consideration and we strove for parsimonious models supported by biology, to the extent possible. This included adjustment for age, measured BMI, prospectively measured alcohol consumption and cigarette smoking during pregnancy, and prior history of pregnancy loss modeled as a function of past pregnancy history rather than simply modeling parity as a dichotomy (nulliparous versus parous). The reason being is that nulliparous women comprise two potentially distinct groups of women, particularly if PFASs affect pregnancy probabilities: 1) women who have never been pregnant and 2) women with previous pregnancies but no live births. We believe these are potentially different groups of women and such differences require conditioning on pregnancy history to distinguish an informative from a non-informative history.
The available data focusing on the relation between PFASs and pregnancy loss is insufficient at this time to definitively determine whether they are potential reproductive or developmental toxicants. Future research designed for preconception enrollment of women/ couples who are prospectively followed throughout pregnancy is needed if we are to more completely answer this question and to do so within the context of couples' complete reproductive performance, viz., is risk consistent across pregnancies. This strategy also will help inform about competing risk scenarios where infertility prevents pregnancy which is a necessary criterion for loss, in providing empirical data to aid model specification particularly related to prior reproductive performance, and in delineating the toxicokinetics of these compounds during sensitive windows of human development. Ultimately, such research will help to develop empirically supported risk communication. As noted in the recent Madrid Statement on Poly-and Perfluoroalkyl Substances, the ubiquitous nature of PFASs reflecting their environmental persistence and bioaccumulation supports the need for research to fill critical data gaps [47] .
Conclusions
We found no evidence of an adverse relation between any of the 7 PFASs under study and pregnancy loss. The extent to which the findings reflect the exclusion of exposed women who are unable to achieve pregnancy remain to be established.
Highlights
• Incidence of hCG pregnancy loss was 28%.
• 7 PFASs were measured women's serum upon enrollment.
• None of the 7 PFASs were associated with an increased risk of pregnancy loss.
• PFNA and Me-PFOSA-AcOH were associated with a significant reduction in risk. * Adjusted for age (continuous), BMI (categorical), prior pregnancy loss conditional on previous pregnancy (no prior pregnancy, previously pregnant without loss, previously pregnant with loss), any alcohol consumption during pregnancy (yes/no), and any cigarette smoking during pregnancy (yes/no). + p<0.05 before rounding, p=0.0482
